Summary Due to the lack of diagnostics in primary health care, over 75 % of osteoporotic patients are not diagnosed. A new ultrasound method for primary health care is proposed. Results suggest applicability of ultrasound method for osteoporosis diagnostics at primary health care. Introduction We lack effective screening and diagnostics of osteoporosis at primary health care. In this study, a new ultrasound (US) method is proposed for osteoporosis diagnostics. Methods A total of 572 Caucasian women (age 20 to 91 years) were examined using pulse-echo US measurements in the tibia and radius. This method provides an estimate of bone mineral density (BMD), i.e. density index (DI). Areal BMD measurements at the femoral neck (BMD neck ) and total hip (BMD total ) were determined by using axial dual-energy Xray absorptiometry (DXA) for women older than 50 years of age (n=445, age=68.8±8.5 years). The osteoporosis thresholds for the DI were determined according to the International Society for Clinical Densitometry (ISCD). Finally, the FRAX questionnaire was completed by 425 participants. Results Osteoporosis was diagnosed in individuals with a Tscore −2.5 or less in the total hip or femoral neck (n=75). By using the ISCD approach for the DI, only 28.7 % of the subjects were found to require an additional DXA measurement.
Introduction
Osteoporosis is a skeletal disorder which manifests itself as an accelerated bone loss, deteriorates mechanical integrity of bone, and exposes individuals to an increased risk of fractures. It is estimated that 200 million people worldwide have osteoporosis [1] . Approximately 75 % of osteoporotic patients are not diagnosed and do not receive treatment for this pathological condition [2] . Postmenopausal women are associated with the highest risk of morbidity; up to 30 % of Caucasian women over 50 years of age suffer from osteoporosis [3] . The lifetime risk of an osteoporotic fracture after the age of 50 years has been estimated to be 40-53 and 13-22 % for women and men, respectively [4] . During the first year after a hip fracture, over 24 % of the patients at or over 65 years of age will die [5] . In both sexes, the highest mortality rates are associated with fractures of the proximal femur [6] .
By the definition of the World Health Organization (WHO), osteoporosis is diagnosed when bone mineral density (BMD) is 2.5 standard deviations (SD) or more below the mean for young adults [3] . Diagnosis is based on the determination of BMD by dual-energy X-ray absorptiometry (DXA) at the one-third radius, femoral neck, total hip, or lumbar spine [7] ; however, clinical practice guidelines recommend the use of central sites for diagnosis [8] [9] [10] . Currently, DXA is considered as the gold standard for osteoporosis diagnosis. Due to bulky instrumentation, ionizing radiation, and costs, it is not an optimal method for point-of-care diagnostics and cannot provide optimal solution for the management of osteoporosis.
A true need to screen individuals with high risk of fracture or osteoporosis in primary health care exists to improve treatment coverage. Further, referrals to special care and costs due to traveling may be significantly reduced if indications for treatment could be established at primary care.
The International Osteoporosis Foundation and many national guidelines have suggested the use of the WHO fracture risk assessment tool FRAX® for fracture risk estimation and first-line osteoporosis screening in primary health care [11] . However, FRAX has been demonstrated to exhibit high specificity but low sensitivity for diagnosing osteoporosis [12] . Therefore, axial DXA measurement may be considered for subjects with intermediate FRAX scores. Guidelines for the application of FRAX are different in the UK (National Osteoporosis Guideline Group (NOGG)) and USA (National Osteoporosis Foundation (NOF)) [8, 9] . The UK approach has also been applied in Finnish current care recommendations [10] .
Ultrasound methods have been proposed for screening and diagnosing osteoporosis ever since the introduction of the first quantitative ultrasound (QUS) parameters in 1984 [13] . Several commercial devices have been introduced for through-transmission measurement of the calcaneus, and manufacturers have presented device-specific T-score values, comparing the values of measured ultrasound parameters to those in young reference population. Due to poor correlation with central BMD measurements by DXA, the T-score values obtained using the two methods are different, and therefore, calcaneal ultrasound techniques cannot be recommended for the diagnostics of osteoporosis [14] .
Another line of commercial ultrasound products includes axial transmission devices. These devices are based on transmission of an ultrasound pulse to the bone cortex, sound propagation along the cortical layer parallel to the long axis of the bone, and receiving it with another ultrasound transducer at a known distance. Similarly to the calcaneal devices, the low correlation (0.35-0.36) with central DXA hinders the use of the technique for diagnostics [15, 16] .
Pulse-echo (PE) ultrasound methods have been introduced for a simple measurement of cortical thickness, known to typically decrease in osteoporosis [17, 18] . More recently, these methods have been applied to multi-site measurement of cortical thickness and, moreover, construction of a parameter called the density index (DI), an estimate for proximal femur BMD [19] . The DI has been shown to correlate significantly with the femoral neck BMD [19] .
According to the International Society for Clinical Densitometry (ISCD) recommendations, the use of peripheral X-ray devices in the diagnosis of osteoporosis should be based on determination of 90 % sensitivity and specificity thresholds against axial DXA [20, 21] . The same approach has been proposed for the diagnostic use of ultrasound [22] . The aim of the present study is to determine the association between proximal femur BMD and novel pulse-echo ultrasound measurement and suggest the diagnostic thresholds for DI. Preliminary analyses on treatment pathway (UK with Finnish thresholds), including FRAX and ultrasound, were also evaluated.
Methods

Subjects
A total of 572 women (age 20 to 91 years) participated in the study. The subjects were tested at two locations, at Bone and Cartilage Research Unit (BCRU, Mediteknia, University of Eastern Finland, Kuopio, Finland; subjects 1, n=226) and Kuopio University Hospital (KUH, Kuopio, Finland; subjects 2, n=346). A subgroup of women aged over 50 years (subjects 3, n=448, age=68.8±8.5 years, height=159.6±6.4 cm, weight=67.5±12.9 kg) was formed for the analysis of diagnostic thresholds for DI and DXA measurements (threshold group). No exclusion criteria were applied in selecting the subjects. The subjects 1 belonged to the population-based Osteoporosis Risk Factor and Prevention (OSTPRE) study [23] . The majority of the subjects 2 (n=346) were referred for DXA examination at KUH due to clinical considerations for osteoporosis by a general practitioner (e.g., long periods of glucocorticoid treatment or other risk factors for osteoporosis). The study was approved by the local ethical committee, and written consent was obtained from each subject (Kuopio University Hospital Ethical Committee, permit 80/2008 and 39/2012).
Ultrasound measurements
Ultrasound measurements were conducted using two similar PE ultrasound device prototypes (Bindex BI-100, Bone Index Finland Ltd., Kuopio, Finland, Software v.2.0). Ultrasound measurements were done by an experienced nurse and a nurse student. The device consists of a pulser unit plugged into the USB port of a laptop and a focused ultrasound probe (3.0 MHz nominal center frequency) (Fig. 1a) . US measurements were conducted at 1/3 of the length of the radius from the distal head and 1/3 of the length of the tibia from the proximal and distal heads, respectively (Fig. 1b) . The length of the tibia was measured as the distance between the medial malleolus and knee joint space (top of the medial condyle) and at the radius by determining first the distance between the olecranon and styloid process of the ulna and second transferring mark on top of the radius. Apparent cortical thickness (Ct.Th.) was determined at the distal radius (Ct.Th rad ) and at the proximal (Ct.Th prox ) and distal (Ct.Th dist ) tibia. The method for cortical thickness measurement has been described earlier in detail [17, 19] . A strict 30-min time slot was reserved in total for each patient for ultrasound and DXA examination. Standard BMD measurement typically required 15 min. The protocol for ultrasound measurements started from the radius, moving to the proximal tibia and finally the distal tibia. Five repetitions were made at each location. Due to the strict timetable, three subjects had no measurements at the proximal tibia and seven subjects had no measurements at the distal tibia. In total, all three sites were measured for 439 subjects out of 448 in the threshold group.
The density index, DI, an estimate for total hip BMD, is formed as a combination of patient characteristics (age, weight, and height) and cortical thickness measurements [19] . The ultrasound device provides two indices based on (1) a single-site measurement of cortical thickness (Ct.Th prox ) (i.e., DI 1 ) and (2) a three-site measurement of cortical (Ct.Th rad ), (Ct.Th prox ), and (Ct.Th dist ) (i.e., DI 3 ). The reproducibility of the DI 1 was assessed by two different operators. A total of 16 subjects were measured for three times, relocating the measurement sites (sites were marked with a water-soluble marker pen and wiped clear before the next repeated measurement) according to the method previously described by Gluer et al. [24] . The two ultrasound prototype devices were calibrated by measuring three locations in 20 subjects with both devices. The two prototypes showed high linear correlation in cortical bone thickness values (r=0.96, n=60, p<0.001), and the mean absolute error between the cortical bone thickness measurements was 0.2 mm.
DXA measurements
Axial DXA (Lunar Prodigy, GE Healthcare Ltd, Pollards Wood, UK) measurements of BMD, conducted along the guidelines of the manufacturer, were made in women over the age of 50 (subjects 3, n=448, age=68.8±8.5 years). BMD values were recorded for the femoral neck (BMD neck ) and total hip (BMD total ). The subject was diagnosed with osteoporosis if the T-score at either the femoral neck or total hip was −2.5 or less. Finnish reference thresholds for osteoporosis were 0.684 g/cm 2 for the femoral neck and 0.708 g/cm 2 for the total hip. At both measurement sites (KUH and Mediteknia), the same manufacturer and model of DXA device was used. Cross-calibration was performed by measuring the spine phantom (DPA/QDR-1, Hologic Inc., Waltham, MA, USA) 10 times with both devices [25] . The difference between the measured mean values of phantom BMD was 0.2 %, considered to be negligible, and thus was not accounted for in analyses.
Threshold analyses
The diagnostic osteoporosis thresholds for the DI (90 % sensitivity and specificity thresholds for osteoporosis) were determined in accordance with the guidelines of the ISCD [20, 21] and the National Osteoporosis Society (NOS) [26] . The upper threshold for the DI was calculated so that 90 % of osteoporotic subjects were below the threshold. The lower threshold was calculated so that 90 % of healthy subjects were over the threshold. According to the guidelines, subjects who fall between the thresholds would require additional DXA measurement to verify diagnosis.
Osteoporosis intervention pathway and FRAX®
A total of 425 subjects (out of subjects 3, n=448) completed the FRAX questionnaire during their examination visit. The 10-year risks of major osteoporotic and hip fractures were calculated based on body mass index (BMI) (FRAX BMI ) and BMD (major osteoporotic fracture risk FRAX BMD,MAJOR , hip fracture risk FRAX BMD,HIP ). The basic application of FRAX According to the NOGG guidelines [9] , FRAX would be used as a screening tool for case finding among men and women aged 50 years or more and treatment could be considered for individuals with FRAX scores above the country-specific intervention thresholds. In this study, a FRAX BMD score for major osteoporotic or hip fracture risk over the Finnish treatment threshold or osteoporosis at the femoral neck or hip was considered an indication for treatment to which the treatment paths (including FRAX BMI and US examination) were compared. In this approach, DI 1 assessment was considered for those with an intermediate fracture risk by FRAX BMI (Fig. 2) .
Statistical analyses
The Pearson's correlation analysis was applied when associating normally distributed parameters. The statistical difference between the parameter values in the subjects in different groups was tested using the Mann-Whitney U test.
Results
Threshold analyses
In the threshold group (subjects 3, n=448), a total of 75 subjects were diagnosed with osteoporosis using the Finnish reference database thresholds (T-score at or below −2.5 at the femoral neck (n=66) or total hip (n=42)). The BMD measurements at the total hip or femoral neck were significantly correlated (r=0.89, n=448). Among cortical thickness measurements, Ct.Th prox showed the highest correlation with BMD total (r=0.54, p<0.0001). For density indices, DI 3 (cortical thickness measurements at three sites) showed a stronger correlation with BMD total (n= 4 3 9 , r = 0.69 , p < 0 . 0 0 0 1 ) t h a n D I 1 ( s i n g l e -s i t e measurement) (n=445, r=0.62, p<0.0001). The average reproducibility (CV rms for two operators) of the DI 1 and DI 3 measurements were 2.5 and 2.1 %, respectively. Both DI 1 and DI 3 showed statistically significant differences between the osteoporotic (T-score ≤−2.5 at the hip or femoral neck) and healthy group (T-score >−2.5) (p < 0.01). The average values and standard deviations for osteoporotic and healthy subjects for DI 1 were 0.781 ±0.056 and 0.870±0.079, respectively, and for DI 3 0.797 ±0.068 and 0.912±0.089, respectively.
For DI 1 , the upper (90 % sensitivity) and lower (90 % specificity) thresholds were 0.844 and 0.779, respectively, and for DI 3 , 0.876 and 0.803, respectively (Fig. 3) . By measuring DI 3 , 126 (28.7 %) of the subjects would fall between the thresholds and would therefore require an additional examination by axial DXA to verify diagnosis. Out of the 126 subjects between the thresholds, 82.5 % had an osteopenic/ osteoporotic T-score (<−1.0) at either the femoral neck or total hip. With DI 1 , the number of subjects between the thresholds was 32.6 %.
Cortical thickness analyses
Cortical thickness, as a function of patient age, decreased nonlinearly at all locations. The correlation coefficients of the second-order polynomial fit between the cortical thickness and age at the distal radius and proximal and distal tibia were r=0.60, r=0.45, r=0.21, respectively (n=572). Average cortical thickness varied at different locations and was highest at the distal tibia (3.5±0.8 mm), whereas the mean values at the distal radius (2.5±0.5 mm) and proximal tibia (2.6±0.7 mm) locations were similar. The difference in cortical thickness between the osteoporotic and healthy groups was significant at all locations (p<0.05).
The average values and standard deviations of Ct.Th rad , Ct.Th prox , and Ct.Th dist for osteoporotic and healthy subjects were 2.1±0.4 and 2.6±0.5, 2.0±0.5 and 2.7±0.0.6, and 2.9± 0.7 and 3.6±0.7, respectively.
Preliminary treatment pathway analyses
A total of 137 subjects were selected for treatment when the Finnish thresholds based on FRAX B MD,majo r , FRAX BMD,hip , or DXA T-score (≤−2.5 at the hip or femoral neck) were applied. The treatment decisions based on FRAX BMI (if all subjects between the thresholds receive DXA examination) showed high sensitivity (94.9 %) and specificity (86.8 %) with treatment decisions based on FRAX BMD,major/hip or DXA. However, the number of DXA examinations needed with the FRAX BMI approach was high, i.e., 244 subjects (57.0 %) or even 357 subjects (84 %) if DXA measurement is considered also for subjects with a high fracture risk FRAX BMI . Application of the ultrasound examination to the treatment pathway (Fig. 2.) showed a specificity of 78.5 % and sensitivity of 85.4 %. This approach would reduce the percentage of required DXA examinations down to 16 %. Table 1 shows the distribution of classified subjects by using FRAX BMI or by using FRAX BMI with the present ultrasound method.
Discussion
The density index revealed a statistically significant correlation with the proximal femur BMD, suggesting that the use of a new ultrasound testing in osteoporosis diagnosis can be effective, with 29-33 % of patients requiring diagnostic verification. The performance of DI seems better than that previously reported for subjects in need of diagnostic verification after peripheral DXA or calcaneal ultrasound measurement (39-50 and 56 %, respectively) [21, 22] .
The majority of the subjects (78 %, excluding subjects 1 from OSTPRE cohort) included in threshold analyses were recruited from those who had been referred to DXA by a general practitioner on the suspicion of reduced BMD resulting from possible disease or based on other relevant factors or medical treatment. On the other hand, it should be noted that ultrasound examination for screening or diagnosis in primary health care could be performed when there is a reason to suspect osteoporosis. Therefore, the present results support well the intended use of the device and examination of the question at hand. This is in line with the recommendation of the ISCD for selecting subjects in the threshold analysis.
The treatment decisions based on FRAX BMI agree well with those obtained by DXA or FRAX BMD , as assessed in line with the Finnish thresholds. However, the high percentage The threshold values of density index are now suggested for use in Finnish Caucasian female population. This is particularly important as several studies have shown that T-scores determined with any other device than axial DXA cannot be used for the diagnosis of osteoporosis or osteopenia according to the WHO criteria [14, 22] . Since the introduction in 2005, the diagnostic thresholds for peripheral devices have been adopted by international and national societies for the management of osteoporosis [20, 22, 26] . The relationship to patient characteristics and cortical thicknesses in the derivation of DI may vary in populations with different ethnic backgrounds and should be addressed in future studies. Another limitation in the clinical use of DI is that there is no data showing its feasibility for follow-up of treatment. However, the use of the thresholds determined in comparison to DXA allows the investigated ultrasound method to pick up the same patients for treatment from which they can be assumed to benefit.
It is important to note that the present study involved BMD measurements at the proximal femur only. Therefore, the present thresholds apply for the detection of individuals with osteoporotic BMD values at the hip. The present threshold values do not present a definitive classification of osteoporosis but rather high or low probability for the presence of osteoporosis at the hip. Another important limitation is the fact that same population was first applied to develop DI and then used to assess the performance in different osteoporosis management pathways. However, these results suggest how the ultrasound method could be applied with current OP management scenarios. However, they do not completely validate the performance of the technique in these settings.
The present results suggest that ultrasound testing may be beneficial as a first-line screening method or after the FRAX questionnaire for those with an intermediate FRAX score and in need of bone density assessment. Application of US testing to the evaluated osteoporosis management guideline could reduce the required number of DXA examinations. The present results suggest that the performance of the DI is similar or better than those with the currently available peripheral DXA devices and substantially better than the other currently available ultrasound devices. The present thresholds for the application of DI to current osteoporosis management pathways show promise for the technique to decrease the amount of DXA referrals and increase diagnostic coverage; however, these results need to be confirmed in future studies.
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